Hepatocyte growth factor (HGF) is found in tumor microenvironments, and interaction with its tyrosine kinase receptor Met triggers cell invasion and metastasis. It was previously shown that acidic extracellular pH stimulated peripheral lysosome trafficking, resulting in increased cathepsin B secretion and tumor cell invasion, which was dependent upon sodium-proton exchanger (NHE) activity. We now demonstrate that HGF induced the trafficking of lysosomes to the cell periphery, independent of HGF-induced epithelialmesenchymal transition. HGF-induced anterograde lysosome trafficking depended upon the PI3K pathway, microtubules and RhoA, resulting in increased cathepsin B secretion and invasion by the cells. HGF-induced NHE activity via increased net acid production, and inhibition of NHE activity with 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), or a combination of the NHE1-specific drug cariporide and the NHE3-specific drug s3226 prevented HGF-induced anterograde trafficking and induced retrograde trafficking in HGFoverexpressing cells. EIPA treatment reduced cathepsin B secretion and HGF-induced invasion by the tumor cells. Lysosomes were located more peripherally in Rab7-shRNA-expressing cells and these cells were more invasive than control cells. Overexpression of the Rab7 effector protein, RILP, resulted in a juxtanuclear location of lysosomes and reduced HGF-induced invasion. Together, these results suggest that the location of lysosomes is an inherently important aspect of invasion by tumor cells.
Introduction
The development of metastatic foci, resulting from an invasive primary tumor, is the leading cause of cancer-associated deaths. The hepatocyte growth factor (HGF)-Met signaling complex is known to activate a number of signaling pathways that contribute to the invasion and metastasis of a primary tumor (Birchmeier et al., 2003) ; Met is a tyrosine kinase receptor and HGF is its only known ligand. HGF-Met signaling induces an epithelialmesenchymal transition (EMT) where epithelial cells lose cell-cell adhesions and take on a motile, mesenchymal phenotype, which is thought to enhance migration and invasion through the basement membrane (Acloque et al., 2008; Benvenuti and Comoglio, 2007; Levayer and Lecuit, 2008; Yilmaz and Christofori, 2009 ). Cell invasion is considered an important step for eventual distant metastatic foci formation (Tsuji et al., 2009; Yilmaz and Christofori, 2009) . Prolonged Met signaling most probably constitutes the tumor-promoting properties of HGF, which include, in addition to invasion, cellular proliferation, survival, actin remodeling and motility (Birchmeier et al., 2003; Gentile et al., 2008) . Met overexpression and activating mutations are strongly associated with aggressive cancers, including carcinomas of breast, prostate, lung, brain, gastric and pancreatic origin (Agarwal et al., 2009; Sawada et al., 2007; Taniguchi et al., 1998) .
Increased levels of HGF are common in tumor microenvironments and reactive stroma, and prolonged Met signaling induced by this growth factor promotes tumor progression (Birchmeier et al., 2003; Matsumoto and Nakamura, 2006) . HGF can be produced by both cancer-associated fibroblasts and tumor cells in a paracrine or autocrine manner, respectively. Moreover, many different cell types found in and around primary tumors can influence the behavior of the tumor via the secretion of cytokines, chemokines and growth factors (review by Joyce and Pollard, 2009; Mantovani et al., 2006; Singh et al., 2007) . In addition to HGF, other factors of the tumor microenvironment such as acidic extracellular pH (pH e ), hypoxia, and serum deprivation also play significant regulatory roles (Boccaccio and Comoglio, 2006; Pennacchietti et al., 2003) . How these factors and the Met signaling pathway influence primary tumors to regulate gene expression, angiogenesis, proteinase secretion, and cell motility and invasion are major areas of ongoing research.
Tumor cells demonstrate enhanced metabolism because of increased glycolytic rates, which affects cytoplasmic pH (pH i ) as a result. Sodium-proton exchangers (NHEs), sodium-dependent and -independent HCO 3 -/Cl -exchangers, and H + /lactate co-transporters are engaged as the main mediators of tumor cell pH i homeostasis. pH i plays a major role in many cellular and tumorigenic processes, including controlling cell volume, cell cycle, membrane potential, oncogenesis and malignant transformation (Grinstein et al., 1989; Harguindey et al., 2005; Putney et al., 2002) . Moreover, the activity of NHEs, especially NHE1, are regulated by acidic pH i and oncogenic transformation, causing protons to be expelled outside the cell, thus creating an acidic pH e (Kaplan and Boron, 1994; Reshkin et al., 2000) . Acidic pH e and NHE1 activity have both been shown to enhance the invasive capability of tumor cells through gene expression changes and regulation of the actin cytoskeleton (Martinez-Zaguilan et al., 1996; Moellering et al., 2008; Paradiso et al., 2004) . In addition, HGF (Kaneko et al., 1995) and other growth factors (Grinstein et al., 1989; Strazzabosco et al., 1995) have been reported to activate NHEs, suggesting that multiple mechanisms may regulate NHE activity.
Previous studies have shown that acidic pH e can induce the trafficking of cathepsin-rich lysosomes to the cell periphery (Glunde et al., 2003; Rozhin et al., 1994) , a process that is dependent on NHE activity , and this may play a role in ECM proteolysis and cell invasion and metastasis (Koblinski et al., 2000; Nomura and Katunuma, 2005) . Since HGF has been shown to activate NHEs (Kaneko et al., 1995) , we wanted to determine if this growth factor also induced the peripheral trafficking of lysosomes and cathepsin B secretion. In this report, we demonstrate that HGF stimulates the trafficking of lysosomes to the cell periphery, resulting in the secretion of lysosomal proteinases and increased invasion by the cells. Moreover, we report that HGF stimulates proton production, which we propose induces the activation of sodium-proton exchangers, responsible for the anterograde trafficking of lysosomes. Finally, we demonstrate that by altering the spatial distribution of lysosomes, we can control the invasiveness of tumor cells, suggesting that the location of lysosomes in cells may be a key event in invasion by tumor cells.
Results

HGF induces cell scattering and lysosome trafficking in DU145 prostate cancer cells
In a previous study, we showed that the DU145 androgenindependent prostate cancer cell line scattered in response to HGF , and that this cell line was an excellent model for acidic pH e -induced lysosome anterograde trafficking . Therefore, to determine if HGF affects the intracellular distribution of lysosomes, DU145 cells were treated with HGF for 16 hours before lysosome-associated membrane protein-1 (LAMP-1)-positive vesicles were visualized by immunofluorescence (IF) microscopy. Fig. 1A ,B illustrates the ability of HGF to induce cell scattering and the trafficking of LAMP-1-positive vesicles to the cell periphery. Using previously described software to measure and quantify the distance of lysosomes from the cell nucleus (Glunde et al., 2003; Steffan et al., 2009) , we confirmed that HGF quantitatively induces the movement of LAMP-1-positive vesicles to the periphery, compared with untreated cells (Fig. 1C) . LAMP-1-positive vesicles in control cells were located primarily juxtanuclear, at an average distance of 3.1 mm from the cell nucleus, but after HGF treatment, LAMP-1-positive vesicles were found to be located an average distance of 6.3 mm from the cell nucleus, indicating the vesicles had undergone anterograde trafficking toward the cell periphery.
To determine if these LAMP-1-positive vesicles had the properties of lysosomes, cells were co-stained to detect cathepsin B and LAMP-1 after overnight incubation with HGF. Colocalization of these two lysosomal markers is shown in Fig. 1D-I . In addition, supplementary material Fig. S1 illustrates that lysosomes appeared to be the only organelle undergoing HGF-induced anterograde trafficking, as early endosomes (using EEA1 as a marker), recycling endosomes (transferrin receptor), late endosomes [(mannose-6-phosphate receptor (M6PR) and lysobisphosphatidic acid (LBPA)], and the trans-Golgi (GM130) did not undergo peripheral trafficking in response to HGF. Therefore, the LAMP-1-positive vesicles undergoing HGF-induced trafficking in Fig. 1 are most probably lysosomes.
The PI3K pathway is required for HGF-induced lysosome trafficking
The addition of HGF to cell culture media induces the phosphorylation of the Met receptor and the activation (phosphorylation) of a number of downstream signaling pathways including the PI3K-Akt, MAPK (Erk1/2), and JNK pathways that is sustained for up to 4 hours before attenuating ( Fig. 2A) . To determine the pathway(s) required for HGFinduced anterograde lysosome trafficking, signaling pathway-specific pharmacological inhibitors were employed. Fig. 2B ,C demonstrate that inhibition of the PI3K pathway with 10 mM LY294002 prevented HGF-induced anterograde lysosome trafficking; whereas concentrations of LY294002 below 5 mM did not prevent HGFinduced anterograde lysosome trafficking (results not shown). However, inhibition of the MAPK, p38-MAPK, and JNK pathways with 10 mM U0126, SB203580 or SP600125, respectively, did not prevent HGF-induced anterograde lysosome trafficking (supplementary material Fig. S2 ), suggesting that the PI3K pathway plays the major role in HGF-induced lysosome trafficking. Control experiments demonstrated that each drug inhibited its target kinase at the concentrations used (Steffan and Cardelli, 2010) . Furthermore, treatment with LY294002 and U0126 prevented HGF-induced cell scattering (Fig. 2B, supplementary material Fig. S2 ). Since lysosomes still underwent peripheral trafficking in the presence of U0126, these data suggest that HGF-induced cell scattering (EMT) is not necessary for HGF-induced lysosome trafficking.
Journal of Cell Science 123 (7) Microtubules, but not actin filaments, are required for HGF-induced lysosome trafficking Endocytic organelles traffic throughout cells along both microtubules and actin filaments (Cordonnier et al., 2001; Swanson et al., 1992) . Microtubules are commonly used for rapid, longdistance lysosome movement; whereas the use of actin filaments usually results in slower movement over short distances (Matteoni and Kreis, 1987) . To determine the role of microtubules in HGFinduced lysosome trafficking, DU145 cells were treated with nocodazole, or left untreated, for 2 hours prior to treatment with HGF. Nocodazole effectively disrupted microtubules (results not shown) as previously published (Steffan and Cardelli, 2010) . IF microscopy indicated that lysosomes were unable to undergo HGFinduced anterograde movement when microtubules were disrupted (supplementary material Fig. S3E,F) . In addition, we found that HGF treatment caused an increase of microtubules extending into cell surface protrusions, often coinciding with the location of lysosomes (supplementary material Fig. S3A-D) . To evaluate the role of the actin cytoskeleton in HGF-induced lysosome trafficking, cells were pretreated with cytochalasin D for 30 minutes before HGF treatment. Disruption of the actin cytoskeleton did not prevent HGF-induced lysosome trafficking (supplementary material Fig.  S4 ). In fact, it is interesting to note that disruption of the actin cytoskeleton itself allows the trafficking of lysosomes to the cell periphery, suggesting that the actin cytoskeleton, particularly cortical actin, may be an important negative regulator of anterograde lysosome trafficking, acting as a barrier which lysosomes are unable to navigate through under normal conditions.
RhoA is required for HGF-induced lysosome trafficking
The Rho subfamily of GTPases and their downstream effector proteins are known to play a role in lysosome trafficking along microtubules, and we have previously implicated RhoA as the principle Rho GTPase facilitating acidic pH e -induced lysosome trafficking . Therefore, to determine if RhoA also facilitates HGF-induced lysosome trafficking, GFP-tagged dominant-negative (DN) RhoA was transiently transfected into DU145 cells. As demonstrated in supplementary material Fig. S5 , expression of DN-RhoA-GFP prevented HGF-induced lysosome trafficking, suggesting that RhoA also facilitates HGF-induced lysosome trafficking.
HGF increases proton production, inducing acidification of the extracellular medium
Growth factors, including HGF, EGF and TNF-, have been shown to increase glucose utilization in a variety of cells (Bertola et al., 2007; Boussouar and Benahmed, 1999; Hsu and Sabatini, 2008; Perdomo et al., 2008; Véga et al., 2002) . Furthermore, Kaplan and colleagues (Kaplan et al., 2000) have shown that HGF also enhances glycolysis and oxidative phosphorylation in murine mammary cells. This study also found that, although there was a significant increase in energy metabolism, there was no apparent intracellular acidification, suggesting that proton exchangers may be activated to achieve pH i homeostasis. Thus, we predicted that HGF-induced increases in energy metabolism (leading to an increase in proton production) would cause an increased acidic pH e . DU145 cells were treated with or without HGF overnight, and the net acid production was determined via the change in pH e . Fig. 3A demonstrates that HGF significantly increased net acid production. In addition, using the pH-sensitive dye BCECF-AM, we found a slight but insignificant increase in pH i , but did find that the pH of the cell culture medium (pH e ) did become more acidic (Fig. 3B,C) . Therefore, these data suggest that HGF increases energy metabolism, leading to an increase in cytoplasmic protons, which are extruded from the cells to maintain pH i homeostasis, causing acidification of the pH e . Consequently, the activity of proton exchangers, such as NHE1, are implicated in HGF-induced lysosome trafficking.
HGF-induced lysosome trafficking requires NHE-mediated sodium-proton exchange activity
Our previous study implicated NHE activity in acidic pH e -induced lysosome trafficking ). Since HGF stimulates proton production, leading to an acidic pH e ( Fig. 3 ) and NHE activation (Kaneko et al., 1995) , we hypothesized that NHE inhibitors may block HGF-induced lysosome trafficking. DU145 cells were treated with 25 mM EIPA [5-(N-ethyl-N-isopropyl)-amiloride; a relatively non-isoform-specific NHE inhibitor with a preference for NHE1] ± HGF for 16 hours. IF microscopy revealed that treatment with EIPA did not block cell scattering, but prevented HGF-induced anterograde lysosome movement (Fig. 4A) . EIPA was also able to prevent HGF-induced anterograde lysosome trafficking in the PC3 prostate cancer cell line (supplementary material Fig.  S6 ). Additionally, we examined the H1993 lung cancer cell line, in which Met is overexpressed due to MET gene amplification, causing constitutively active Met signaling (Milligan et al., 2009) . We observed that lysosomes in H1993 cells were more peripherally localized under neutral pH culture conditions compared with DU145 and PC3 cells. Intriguingly, EIPA mediated the retrograde movement of lysosomes to a juxtanuclear position, demonstrating that EIPA not only prevented HGF-induced lysosome trafficking, but also reversed the location of lysosomes after they were dispersed (supplementary material Fig. S6 ).
The studies described thus far have shown that acute treatment of prostate tumor cells with HGF stimulated anterograde lysosome movement; however, there is no evidence that this relocation can be maintained over a longer time period. Therefore, we generated a DU145 cell line that overexpressed HGF (confluent cultures contained 2-3 ng/ml HGF); these cells remained scattered during culturing (results not shown). Fig. 4B illustrates that lysosomes had undergone anterograde movement towards the plasma membrane in HGF overexpressing cells that was comparable with HGF-treated cells (Fig. 4A) . A vector control cell line did not scatter, nor did lysosomes undergo anterograde movement, under similar culture conditions (Fig. 4B) . Furthermore, EIPA reversed anterograde lysosome trafficking in the HGF-overexpressing cell line, suggesting the importance of NHEs in initiating and maintaining HGF-induced lysosome trafficking. Quantification of the lysosome-nucleus distance is shown in Fig. 4C .
EIPA prevents HGF-induced cathepsin B secretion and invasion by tumor cells
It has been proposed that increased cathepsin B and/or cathepsin D secretion promotes localized ECM proteolysis and cell invasion (Colella and Casey, 2003; Colella et al., 2004; Tu et al., 2008) . To determine if there was a physiological consequence to HGFinduced lysosome trafficking, secreted cathepsin B was measured in the medium after 24 hours. HGF treatment induced a twofold increase in the secretion of cathepsin B compared with non-HGFtreated cells, and EIPA treatment prevented this increase (Fig. 4D) . Cell invasion (transwell) assays were also performed to determine the effects of HGF ± EIPA on invasion by tumor cells. Fig. 4E indicates that, similar to what was observed for cathepsin B secretion, HGF-induced invasion by tumor cells was prevented by EIPA. Therefore, we note a correlation between, (1) the ability of lysosomes to traffic to the cell periphery, (2) secreted cathepsin B and (3) increased invasion by tumor cells.
NHE1 and NHE3 participate in lysosome trafficking, cathepsin B secretion and invasion by tumor cells
Since EIPA has been shown to inhibit multiple NHE isoforms (Masereel et al., 2003) , we employed more specific inhibitors of NHE1 and NHE3 (cariporide and s3226, respectfully) to determine if these exchangers played a role in HGF-induced lysosome redistribution. DU145 cells were pretreated with 10 mM cariporide and/or s3226 for 30 minutes prior to HGF treatment overnight. Treatment with cariporide or s3226 alone had a small effect (cariporide treatment was statistically significant) on HGF-induced lysosome redistribution; however, treatment with both NHE Journal of Cell Science 123 (7) inhibitors more robustly (P<0.001) prevented HGF-induced lysosome trafficking (Fig. 5) , suggesting that NHE1 and NHE3 both play a role in HGF-induced lysosome trafficking. Moreover, since EIPA prevented lysosome trafficking to a greater degree than the combination of cariporide and s3226, we predict that other EIPAsensitive NHE isoforms must also play a role. In fact, DU145 tumor cells transcribe mRNA for eight different NHE isoforms ).
Rab7 is required for EIPA-mediated prevention of HGFinduced lysosome trafficking, cathepsin B secretion, and invasion by tumor cells
Rab7 and its effector RILP (Rab7-interacting lysosomal protein) are known to play a role in the retrograde trafficking of late endosomes and lysosomes (Jordens et al., 2001; Steffan and Cardelli, 2010) . To determine if Rab7 was involved in the EIPAbased inhibition of HGF-induced lysosome trafficking, we utilized lentiviral vectors to express shRNA to Rab7 in DU145 cells. A cell line demonstrating greater than 90% Rab7 knockdown efficiency (Fig. 6B) was used for the following experiments. EIPA was unable to prevent HGF-induced lysosome trafficking in the Rab7-shRNAexpressing cells (Fig. 6A,C) , and Rab7 downregulation resulted in lysosomes being more peripherally distributed under normal culture conditions than in a mismatched (non-target; NT) shRNAexpressing cell line as previously shown (Steffan and Cardelli, 2010) . In addition, expression of DN-RILP-GFP resulted in a more peripheral distribution of lysosomes, similar to the silencing of Rab7, and EIPA was unable to induce retrograde lysosome trafficking when DN-RILP-GFP was expressed (supplementary material Fig. S7 ). Thus, we conclude that Rab7 and RILP play key roles in maintaining lysosomes in the perinuclear area and EIPA requires functional Rab7 and RILP to induce retrograde trafficking.
Since EIPA prevented cathepsin B secretion in WT cells, we quantified the effect that downregulation of Rab7 had on HGFinduced cathepsin B secretion. Fig. 6D illustrates that EIPA prevented HGF-induced cathepsin B secretion in the NT-shRNAexpressing cell line in a similar manner to the parental DU145 cell line, but EIPA was not able to completely prevent HGF-induced cathepsin B secretion in the Rab7-shRNA-expressing cells. Furthermore, similar to the lysosome distribution noted above, Rab7-shRNA-expressing cells secreted more cathepsin B under normal culture conditions compared with the NT-shRNA-expressing cell line. We observed a similar trend regarding invasion; Rab7-shRNA-expressing cells were inherently more invasive, and EIPA was unable to prevent HGF-induced invasion compared with the NT-shRNA-expressing cell line (Fig. 6E ). These data suggest that Rab7 activity was required for EIPA-mediated prevention of HGFinduced lysosome trafficking, cathepsin B secretion, and invasion by tumor cells.
Lysosome distribution may control invasion by tumor cells
The results presented above suggest that the location of lysosomes may be important in regulating invasion by tumor cells. As a further test of this idea, we overexpressed RILP in DU145 cells. Transient overexpression of WT-RILP-GFP has been shown to induce the clustering of lysosomes near the cell nucleus (Cantalupo et al., 2001; Jordens et al., 2001; Steffan and Cardelli, 2010) , as was the case in our hands (Fig. 6F) . Moreover, HGF was unable to induce lysosome anterograde trafficking when WT-RILP-GFP was overexpressed (Fig. 6F) . Finally, we engineered DU145 cells to stably express WT-RILP and compared their ability to invade relative to vector control cells. We observed that HGF-induced invasion was largely prevented in cells overexpressing WT-RILP (Fig. 6F) . Thus, this provides further evidence that the spatial location of lysosomes may be a major determinant of invasion by tumor cells.
Redistribution of cellular cholesterol may be responsible for EIPA-induced retrograde lysosome trafficking
ORP1L is a cholesterol sensing protein, which has been shown to sense increased cholesterol levels and induce retrograde late endosome trafficking by controlling the Rab7-RILP-p150 Glued complex (Johansson et al., 2005; Johansson et al., 2007; Rocha et al., 2009 ). To determine if EIPA increased levels of cholesterol or caused a shift in the distribution of intracellular cholesterol, DU145 cells were treated with 25 mM EIPA ± HGF overnight. Fixed cells were stained with filipin to visualize cholesterol and/or LAMP-1 to visualize lysosomes. HGF had no effect of cholesterol distribution; however, EIPA caused a shift of cellular cholesterol from a mainly membrane distribution to a vesicular and/or punctate distribution (Fig. 7A) . In addition, cells co-stained with filipin and LAMP-1 demonstrate co-localization when treated with EIPA ( Fig.  7B) with many of the vesicular structures appearing enlarged and near the cell nucleus (see Discussion). These data suggest that EIPA may cause an increase of cholesterol in lysosomal membranes and this may activate ORP1L to induce lysosome retrograde trafficking.
Discussion
Factors in the tumor microenvironment, such as acidic pH e and growth factors, can regulate tumor growth and invasion. HGF is a potent mitogen and pro-invasive growth factor that plays a major role in tumor progression. We report here a novel role for the HGFMet signaling pathway. This pathway, when activated, induces the peripheral trafficking of lysosomes, resulting in an increase in cathepsin B secretion and invasion. HGF-induced lysosome trafficking required the PI3K pathway, microtubules, RhoA and at least two NHE isoforms. HGF did not increase the invasion by tumor cells or affect lysosome redistribution in cells overexpressing the Rab7 effector, RILP, where lysosomes remained close to the nucleus. Furthermore, Rab7-shRNA-expressing (Rab7-KD) DU145 cells were inherently more invasive, lysosomes were more peripheral, and inhibitors of NHE family members did not block invasion or prevent or reverse lysosome redistribution in these cells. These data suggest that HGF controls lysosomal distribution in tumor cells and that lysosome distribution plays a major role in regulating invasion by tumor cells.
Inhibitors of the PI3K pathway prevented HGF-induced cell scattering and lysosome redistribution, consistent with cell scattering itself inducing lysosome movement. However, MAPK inhibitors blocked HGF-induced scattering but did not block lysosome redistribution, suggesting the two events are mutually exclusive. The JNK and p38 MAPK pathways did not contribute to lysosome movement.
Treatment of DU145 tumor cells with HGF induced a net acid production and acidification of the pH e without an increase in acidification of the pH i (Fig. 3) , an indirect indicator of proton exchange activity, perhaps due to an HGF-induced increase in glycolysis. It is interesting to note that in our previous study, demonstrating acidic pH e -induced lysosome movement, only a 2-hour treatment of cells was required to induce maximum anterograde lysosome redistribution. However, even though HGF rapidly induced the phosphorylation of Akt and Erk1/2 (downstream of PI3K and MAPK, respectively), HGF-induced lysosome trafficking required overnight treatment with this growth factor. This supports the idea that protons must accumulate in the culture medium and/or inside cells, thus activating NHEs. Thus, one possible interpretation of this data, is that HGF-and acidic pH e -induced lysosome trafficking act through a similar mechanism -namely the activation of NHEs.
Consistent with our previous study, we determined that NHE1 and NHE3 mediated, in part, HGF-induced lysosome trafficking, since EIPA, or the combination of cariporide and s3226 (Fig. 5) prevented or attenuated HGF-induced lysosome trafficking, respectively. Since the non-isoform-specific NHE inhibitor EIPA Journal of Cell Science 123 (7) was more effective at preventing HGF-induced lysosome trafficking, we conclude that other NHE isoforms, in addition to NHE1 and NHE3, may also mediate the trafficking of lysosomes. In fact, DU145 cells have been shown to contain mRNA for NHE1-3 and NHE5-9 . A future goal will be to determine the individual and cooperative roles of these additional NHE isoforms in regulating HGF-induced lysosome trafficking. Our results demonstrated that EIPA not only blocked acute HGFmediated lysosome movement, but also reversed the chronic redistribution observed in cells overexpressing HGF or in cells where the Met receptor is greatly overexpressed and constitutively active. This suggests that NHEs are required not only to initiate lysosome movement, but also to maintain the redistribution of these organelles. This may have significant clinical impact as lysosomes may already be nearer the cell periphery in cancer patients upon presentation.
EIPA-modulated retrograde movement of lysosomes depended on the activity of Rab7, a GTPase known to traffic late endosomes and lysosomes towards the nucleus (Johansson et al., 2007) and the Rab7 effector RILP, which is similar to the mechanism of Troglitazone-induced retrograde lysosome trafficking (Steffan and Cardelli, 2010) . In fact, lysosomes in Rab7-KD-and DN-RILPexpressing cells were more peripherally located than in vector control cells. Also, HGF-induced invasion by Rab7-KD cells was not blocked by EIPA, in contrast to control cells. Finally, Fig. 6 demonstrates that Rab7-KD cells were more invasive and secreted more cathepsin B than control cells in the absence of HGF. We conclude that a more peripheral cellular location of lysosomes may be important in regulating invasion, and that EIPA blocks invasion by stimulating retrograde lysosome transport or preventing anterograde movement.
In support of this idea, overexpression of WT-RILP induced lysosome aggregation near the nucleus and these cells were much less invasive in the presence or absence of HGF. Although RILP overexpression was thought only to induce nuclear aggregation of late endosomes and/or lysosomes (Cantalupo et al., 2001) , it has also been shown that cells overexpressing RILP have delayed degradation of internalized EGFR, suggesting that receptor signaling would be sustained (Progida et al., 2007; Wang and Hong, 2006) . However, if this were the case in our system, we would expect that the addition of HGF to the RILP-expressing cells should enhance invasion, as Met degradation would be delayed, allowing for sustained endosomal Met signaling.
We have previously reported that Troglitazone-induced retrograde lysosome trafficking was independent of ORP1L, a cholesterol sensor which mediates retrograde trafficking in high cholesterol environments (Steffan and Cardelli, 2010) . However, as reported here, EIPA-induced retrograde lysosome trafficking may be dependent on ORP1L as EIPA increases vesicle-associated cholesterol which colocalizes with LAMP-1 (Fig. 7B) . In fact, perinuclear located LAMP-1-positive vesicles were enlarged in cells treated with EIPA as previously described (Fretz et al., 2006) , which we suggest may be due to the increase in lysosomal membrane cholesterol. Thus, it appears that although these two compounds (Troglitazone and EIPA) inhibit NHEs, induce retrograde lysosome trafficking, and prevent cathepsin B secretion and invasion, they may act by different mechanisms. Future studies will be required to create ORP1L knockdown cells to fully examine the role of ORP1L and cholesterol in EIPA-induced retrograde lysosome trafficking.
Our conclusion that lysosome distribution in cells is important in regulating invasion is supported by earlier studies. The Sloane group found that altered lysosomal locations correlated with increased grades of invasive brain cancer (Rempel et al., 1994) , and later showed that cathepsin B released from these more peripheral lysosomes played a role in invasion (Koblinski et al., 2000; Rozhin et al., 1994) . Most recently, Tu et al. (Tu et al., 2008) demonstrated that cathepsin B delivered to podosomes by lysosomes in NIH3T3 cells was involved in matrix degradation. These studies are important, but essentially correlative with regard to location of lysosomes in the cell and involvement in invasion by tumor cells The research described here more clearly demonstrates, by altering expression of proteins only thought regulate lysosome trafficking, that lysosome location is directly involved in invasion by tumor cells. Essentially, Rab7-KD cells have peripheral lysosomes and are more invasive, while RILPoverexpressing cells have lysosomes aggregating in a juxtanuclear position and they are less invasive.
Our data supports a model in which HGF-induced proton production, linked with NHE activity, drives peripheral lysosome movement, cathepsin B secretion and increased invasion. However, it is possible that Met and NHE interact together as a complex and that activation of Met, directly or indirectly activates the signal transduction activity of NHE members, independent of proton production. There is no evidence, to our knowledge, of a direct interaction between Met and NHEs; however, there is evidence that Met may induce NHE activity through a, yet to be defined, tyrosine kinase-calcium/calmodulin-dependent mechanism (Kaneko et al., 1995) . In addition, it is possible that CD44, the cell-surface receptor for hyaluronan, is involved, as both Met and NHEs have been shown to interact with CD44 (Bourguignon et al., 2004; Orian-Rousseau et al., 2002; Singleton et al., 2007) . It would be interesting to determine if Met, CD44 (specifically the v6 splice variant), and NHEs interact and if the calcium/calmodulin pathway is involved in lysosome trafficking. Consistent with this, CD44 has been shown to activate RhoA signaling (reviewed by Bourguignon, 2008) , suggesting that CD44 may play a role in lysosome trafficking. Therefore, future studies may find additional complex interactions that are responsible for not only lysosome trafficking, but also EMT, because CD44 and NHEs are known to interact with the actin cytoskeleton through the ezrin/radixin/moesin family of proteins (Orian-Rousseau et al., 2007; Stock and Schwab, 2006) .
In conclusion, we report that HGF-induced peripheral lysosome trafficking, cathepsin B secretion, and cell invasion depend on NHE activity. In addition, we present data suggesting that, by controlling the spatial distribution of lysosomes by downregulating Rab7 expression or by RILP overexpression, the invasiveness of tumor cells is modulated. Although the mechanism by which the NHEs facilitate lysosome trafficking remains unknown, it will be informative to determine the signaling pathway(s) connecting NHE activity and Met activity.
Materials and Methods
Cell culture
The human prostate cancer cell lines DU-145 and PC3, and the lung adenocarcinoma H1993, were purchased from ATCC and maintained in RPMI-1640 (Mediatech) with 10% FBS (Gemini Bio-Products) and 1% penicillin-streptomycin (Mediatech). Cells were maintained in a 37°C incubator with 5% CO 2 and were sub-cultured upon attaining >75% confluence.
Reagents and antibodies
LY294002, U0126, SP600126, SB203580 and Nocodazole were purchased from Calbiochem and were all used at 10 mM. Phalloidin (1:100) was purchased from Molecular Probes. -Tubulin antibody (1:1000) was purchased from Lab Vision. Cathepsin B and D antibodies (1:100) were purchased from Calbiochem. LAMP-1 antibody (H4A3; 1:50), was purchased from the Developmental Studies Hybridoma Bank at the University of Iowa. Secondary antibodies, Texas-Red or FITC, donkey anti-mouse or anti-rabbit (1:100), were purchased from Jackson ImmunoResearch Laboratories. pErk1/2, pAKT, pMet and pJNK antibodies (Cell Signaling) were used at 1:1000. HGF (Calbiochem) was used at 33 ng/ml. EIPA [5-(N-ethyl-N-isopropyl) amiloride], cytochalasin D, and filipin (Sigma) were used at 25 mM, 1 mM and 0.01 mg/ml, respectively. Anti-actin antibody was used at 1:2500 and purchased from Sigma. EEA1 (1:100), GM130 (1:100) and transferrin receptor (1:50) antibodies were purchased from BD. M6PR antibody was purchased from Abnova. LBPA antiserum was a kind gift from Jean Gruenberg.
Cathepsin B secretion assay
Assay was performed as previously described . HGF was added to cultures for 24 hours at 33 ng/ml.
Immunofluorescence staining and microscopy
IF microscopy was performed as previously described ).
Western blot analysis
Western blot analysis was performed as previously described .
Lentiviral delivery of short-hairpin RNA
Short hairpin RNAs (shRNA) directed towards Rab7 were delivered into DU145 prostate cancer cells using Mission Lentiviral Transduction Particles (Sigma) according to manufacturer's protocol and as previously described ).
Transfection
GFP-expressing WT-RILP and DN-WILP expression plasmids were obtained from Rene Harrison (University of Toronto-Scarborough) and DN-RhoA plasmids were obtained from Addgene. Transfection experiments were carried out using Lipofectamine transfection reagent (Invitrogen) according to manufacturer's protocol for 24 hours prior to treatment with HGF.
Creation of stable cells line expressing RILP
A DU145 cells line stably expressing WT-RILP was previously described (Steffan and Cardelli, 2010) 
Invasion assay
Invasion assay were performed as previously described (Steffan and Cardelli, 2010) . HGF in serum-free medium was added to both the top and bottom chambers at a concentration of 33 ng/ml.
Net acid production and intracellular pH measurement
The amount of acid produced by cells with and without HGF was measured by determining the pH change in the cell culture medium. The medium of cells ± HGF was changed and the pH was measured (time zero). After 18 hours, the pH was measured again. Cultures were kept at 37°C and 5% CO 2 throughout the experiment. Cells were then lysed and protein concentrations measured using the BCA protein assay (Pierce) using known BSA concentrations for a standard curve. The change in pH e represents net acid production, as pH i was found unchanged. pH i was measured using the pH-sensitive fluorescent dye, (2,7)-biscarboxyethyl-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM; Molecular Probes) at 37°C. Details have been previously described Turturro et al., 2004) .
Filipin staining
Cells were stained with filipin as previously described (Steffan and Cardelli, 2010) . Cells were treated with EIPA and/or HGF overnight. In colocalization experiments, cholesterol was stained first, followed by permeabilization and staining for LAMP-1. Identical exposure and capture settings were used for each experimental condition.
Statistical analysis
GraphPad software, Prism 3.0 was utilized to perform all statistics. One or two-tailed Mann-Whitney t-tests were performed to indicate statistical significance. All graphs show the standard error of the mean (s.e.m.).
